Li 2 TiO 3 /Ni foam composites were prepared by a solid-state reaction process. They crystallized in the monoclinic Li 2 TiO 3 structure with C2/c space group. SEM images show that the Li 2 TiO 3 particles are monodispersed crystallites of average size 49 nm, infused into porous scaffold Ni foam. As an anode in lithium battery, the composite delivered a discharge capacity of 153 mAh g À1 in an aqueous electrolyte and retained 95% of its initial capacity after 30 cycles. Moreover, the Li 2 TiO 3 /Ni foam composite as a negative electrode of pseudo-supercapacitor delivered a specific capacitance of 593 F g À1 and retained 95% of its initial capacitance after 1000 cycles. The enhanced capacity of Li 2 TiO 3 /Ni composite is due to porous scaffold Ni foam, which provides high conductivity to the Li 2 TiO 3 particles and high effective surface area for redox reactions. The performance of the Li 2 TiO 3 /Ni foam as an electrode material for both lithium-ion batteries (LIBs) and supercapacitors (SCs) shows that this composite is promising for energy storage devices.
Introduction
The issues of fossil energy consumption and environmental pollution have triggered a gold rush for exploitation of sustainable energy sources and effective conversion/storage techniques. Lithium-ion batteries (LIBs) and supercapacitors (SCs) with high-energy density and high-power density have appealed worldwide attention in meeting the mounting power demands of electronic devices [1, 2, 3] . However, materials often suffer from low conductivity, which affects the electrochemical properties. Therefore, there is a need to develop high performance electrode materials. The microstructure and surface morphology of electrode material make a great impact on the electrochemical performance [4] . Nanostructured transition-metal oxides (TMOs) such as TiO 2 , Li 4 Ti 5 O 12 , NiO, MnO 2 , etc., with confined dimension effect and high surface area are advantageous to reduce electron and Li ions diffusion paths and increase active sites for Li insertion/extraction reaction in both LIBs and SCs. Among a wide variety of possible electrode materials based on TMOs, Li 2 TiO 3 has focused attention because of its good structural performance and high theoretical capacity. In addition, it is cost effective and eco-friendly. Moreover, this material can be used either as an anode for LIBs or an electrode for SCs [7] due to its three-dimensional path for Li þ ion migration, with enhanced performance when the particles are nano-sized. In particular, one dimensional (1D) nanoparticles [5] , nanofibers [6] , nanowires [7] , nanotubes [8] , etc., display excellent electrochemical properties. The nanosize improves the cycling performance of electrodes since it facilitates the accommodation to the substantial volume changes throughout the cycling processes [9] . The drawback is the tendency of the nanostructured metal oxides to agglomerate [10] . One of the suitable solutions to overcome this problem is to grow the active materials directly on a Ni foam that has two advantages: it is conductive, and it insures a good mechanical strength.
As far as we know, there is no report on electrochemical properties of Li 2 TiO 3 /Ni foam composites. Hence, in the present study, nanocrystalline Li 2 TiO 3 (denoted LTO) and Li 2 TiO 3 /Ni foam composites (denoted as LTO/Ni composite) were prepared by a simple solid-state reaction. The electrodes are characterized as anode materials for LIBs and potential electrodes for SCs, using cyclic voltammetry (CV), galvanostatic chargedischarge (CP) and cycling tests. This LTO/Ni composite demonstrated a high discharge capacity and high specific capacitance with good structural stability and improved cyclability.
Experimental

Synthesis procedure
Nanocrystalline Li 2 TiO 3 sample was prepared by solid-state reaction. In this process, TiO 2 (anatase A.R) and Li 2 CO 3 were used as source materials in a stoichiometric ratio (Li:Ti ¼ 2:1). These raw materials were mixed with ethanol and ball-milled for 4 h at a speed of 400 rpm, with the ball feed ratio fixed at 5:1. The resultant mixture was transferred to a ceramic crucible and dried at 80 C, followed by calcination at 800 C for 5 h at a rate of 5 C/min. The chemical reaction of this synthesis process has been described elsewhere [11] . The LTO powder thus obtained was ground for 3 h using agate mortar with the addition of N-methyl pyrrolidone (NMP). The resulting slurry was coated on nickel foam substrate (1 Â 0.5 cm 2
) and dried at 100 C for 3 h to obtain the LTO/Ni composite.
The Ni foam (Sigma Aldrich, USA) substrate had 110 pores per square inch. The pristine LTO was also investigated for comparison.
Sample characterization
The crystal structure of the LTO/Ni composite was analyzed by X-ray diffractometer (Siefert, model 3003 TT). The surface morphology was analyzed by a high-resolution transmission electron microscope (HRTEM-FEI microscope; TECHNAI G 2 -30 S-twin D905) and field emission scanning electron microscope (FESEM) (Model SIRION 200). The recorded FESEM data were treated via the "Image NOVA" software (NTMDT) by generating the z-axis to develop a three-dimensional (3D) surface morphology picture and evaluate the surface roughness. The composition analysis of elements was carried out by energy dispersive spectroscopy (Model: Oxford instruments Inca Penta FETX3) attached with the SEM (model SEM ZEISS 40w).
Electrochemical tests
The electrochemical performances were analyzed using a 3-electrode aqueous-type cell. The cyclic voltammetry (CV) and chronopotentiometry (CP) experiments were conducted to determine the specific discharge capacity and specific capacitance. The specific capacity of the electrode was calculated excluding the electrochemically inert Ni foam mass, which acts as a current collector. The LTO/Ni composite working electrode was prepared by mixing the active material (LTO), carbon black (CB) and polyvinylidine fluoride (PVDF) in NMP with the ratio of 80:10:10 (in wt.%). After vigorous stirring, the resultant slurry was uniformly deposited on the Ni foam substrate (1 Â 0.5 cm 2 ) and subsequently dried at 100 C for 3 h in air. The mass loading was approximately 6 mg cm
À2
. Platinum strip and Ag/AgCl were used as the counter and reference electrodes, respectively. A highly concentrated (3 mol L À1 ) Li 2 SO 4 aqueous solution was used as the electrolyte. The electrochemical workstation (Model: CHI608C) was employed to carry out the electrochemical analysis. The pristine LTO electrode was prepared following the same process as LTO/Ni composite. The experimental conditions are similar for pseudocapacitor tests but maintained at different current densities. It has been observed that the difference between peak current values (I pa and I pc ) for battery property lies betweeñ -3 to þ6 mA g
À1
, whereas pseudocapacitor has -0.36 to þ0.57 mA g
. The variation in current densities and nanoscale particles are caused for dual nature in Li 2 TiO 3 /Ni foam composite. Because in actual aqueous conditions, Ni metal did not react with Li to form an Li-Ni alloys [12] , Ni foam does not contribute any capacity to the composite, it serves as a conductive matrix to promote fast faradaic reactions to the Li 2 TiO 3 particles. Moreover, the excellent electronic and ionic conductivity of the interconnected 3D-Ni architectures not only afford large surface area, high mechanical strength but also provide unblocked ion/electron pathway, which enables rapid ion/electron transport during the charge-discharge process.
Results and discussion
Structural and morphological properties
The structure and composition of the LTO/Ni composite was investigated by the XRD and EDAX as shown in Fig. 1. Fig. 1a [14, 15] LTO nanoparticles spread on the top of Ni foam show well dispersed nearly cubic grains with an estimated average grain size of 49 nm, which matches the coherence length deduced from XRD, so that the grains are monodispersed crystallites. Their size distribution estimated from the JSoftware [16] is reported in Fig. 2c . The estimated surface roughness of 28 nm (Fig. 2d ), is consistent with the size of the LTO particles.
The TEM image of LTO/Ni composite ( Fig. 3a ) displays cubic particles with size in the range 30-50 nm. Moreover, all electron diffraction rings have bright spots and sharp ( Fig. 3b) indicating that the particles are well crystallized with nanometer scale, in agreement with the XRD results. In the HRTEM image of Li 2 TiO 3 /Ni composite depicted in Fig. 3c , we observe the spacing between lattice fringes being~0.47 nm matching well with the d-spacing of the high intense (002) plane of the LTO crystal lattice.
Li 2 TiO 3 /Ni foam composite as anode
All the electrochemical tests were conducted at room temperature (25 C) in three-electrode aqueous cell (Fig. 4 ). LTO [18, 19, 20] . The Ni foam not only provides high conductivity but also allow for large volume expansion of active materials. In the present work Li 2 TiO 3 /Ni composite and pristine Li 2 TiO 3 do not change their phases during electrochemical process. This is evidenced by the charge-discharge reactions of both electrodes occurring between 0.6-0.7 V (in the battery case shown in Fig. 4b ), meaning monoclinic -monoclinic phase transition, and the material is 'zero strain' in the process. The absence of voltage plateau confirms the "non-stoichiometric" behavior of the lithiated compound. Therefore, Li 2 TiO 3 shows a good structural stability. The drawback is its low intrinsic conductivity (10 À11 S cm À1 ) resulting in low capacity and low rate capability.
The chemical lithium diffusion coefficients, D Li , were calculated using the Randles-Sevick relation (Eq. 1) [21, 22] :
where i p is the anodic peak currents from CV plots (0.9569 and 0.176 mA for LTO/Ni foam composite and pristine LTO, respectively),
, A is the surface area of the anode (1 cm 2 ), n is the number of electrons for Li ). The vertically aligned scaffold channels of the Ni foam provide robust mechanical adhesion and excellent electrical contact with LTO material and make it possible to expose almost the entire surface, providing many electro-active sites for redox reactions [23] . For pristine LTO, the low electronic conductivity of β-LTO phase is responsible for the slow kinetics of Li þ -ions with higher polarization value (dV ¼ 0.539 mV). Furthermore, the discharged phases were not distorted during cathodic/anodic cycles for LTO electrodes, in agreement with previous report [11] .
The charge-discharge curves of the LTO/Ni composite and pristine LTO cycled within the potential range from 0.0 to 1.0 V at 1C rate are shown in Fig. 4b . The discharge curves of LTO/Ni composite and pristine LTO exhibit a S-shape voltage profile at a current density of 1 mA g À1 and corroborates to the Ti 4þ /Ti 3þ reduction [24, 25, 26] . It is assumed that the lithium intercalation-deintercalation can be described by the reaction (Eq. 2):
However, according Eq. (2), the LTO/Ni composite delivers a larger initial specific discharge capacity of 153 mAh g À1 , against 122 mAh g
À1
with a transfer of~0.5 mol of electrons for pristine LTO. Here, two A
reasons can be invoked. First, the well-defined Ni foam with 3D-porous channels falicitates high conductivity to LTO particles and allows an easy access to the electrolyte, which shortens the transfer pathways of ions with enhanced ionic kinetics. Second, the synergistic effects of the two metal ions (Ti and Ni) in the composite provide richer redox chemistry than the individual components [27, 28] . The electrochemical impedance spectra of the Li 2 TiO 3 /Ni composite and pristine LTO electrodes were measured in the frequency range from 1 Hz to 1 MHz. The resulting Nyquist plots are shown in Fig. 4c . Each Nyquist curve is composed by a depressed semicircle in the highfrequency region, which is due to the charge transfer resistance (R ct ) at the solid-electrolyte interface, and a sloped line in the low-frequency range, which originates from the lithium diffusion-controlled process, i.e. Warburg-type diffusion [29, 30] . The intercept of the impedance on the Z 0 -real axis in the high frequency region indicates the ohmic resistance (R s ) of the electrodes and electrolyte. The estimated impedance of the pristine LTO electrode is~250 Ω, and the electrode with Ni foam as the current collector is~160 Ω. This suggests that the charge transfer resistance with LTO/Ni composite is much lower that of pristine LTO, due to the good electrical connectivity of the 3D structure. These results reveal that the 3D scaffold network Ni foam not only improves the lithium ion diffusion, but also efficiently enhances the electronic conductivity of the LTO/Ni composite. Fig. 4d displays the specific discharge capacity vs. cycle number of LTO/Ni composite and pristine LTO electrodes over 30 discharge cycles in the voltage region of 0.0-1.0 V at 1C rate. The LTO/Ni composite electrode retained discharge capacity of 145 mAh g À1 even after 30 cycles, which is about 95% of its initial capacity.
For comparison, the pristine LTO anode retained discharge capacity of 115 mAh g À1 even after 30 cycles. The LTO/Ni composite is thus a candidate for energy storage applications [31] .
Li 2 TiO 3 /Ni foam as electrode of pseudo-capacitor
The electrochemical properties displayed in the previous section suggest that the LTO/Ni composite can be used as a pseudo-capacitor electrode, which, by definition, stores charge via faradic process and involves the transfer of charge between electrode and electrolyte [32] . The pseudocapacitive properties of LTO/Ni electrodes for asymmetric supercapacitor were also tested individually in three-electrode aqueous cell at 25 C; see Ref. [11] for a comparison with electrochemical properties of pristine LTO electrode of pseudo-capacitor. The electrochemical signatures of the pristine LTO show almost rectangular shape of CV curves at different scan rates from 1-100 mV s À1 . The nearly rectangular shaped mirror image CV curves appeared without reduction/oxidation peaks at different currents within the potential range -0.4 to þ0.4 V, which demonstrates that the electrochemical process occurs with both faradic reaction and double-layer capacitance, i.e. the capacitive behavior of pristine LTO negatrode. It was evidenced that the area of CV curves for pristine LTO is increased by increasing scan rates from 1 to 100 mV s À1 showing a good rate capability of the electrode in asymmetric supercapacitors [11] . The CV of LTO/Ni composite electrode at various scan rates (i.e., 1, 50, 100 mV s
À1
) within the potential range 0.0 to þ1.0 V is shown in Fig. 5a . For the LTO/Ni composite electrode, the CV curves demonstrate the quasi rectangular CV profiles that simply pseudo-capacitive behavior. The CV curves show broad shape at reduction and oxidation peaks associated to the faradic reaction. Note that such a behavior was also observed for Ni(OH) 2 and V 2 O 5 /polyaniline layer-by-layer electrodes [33, 34, 35] . Furthermore, the area of CV curves for LTO/Ni composite is enhanced by increasing the scan rates from 1 to 100 mV s
, which represents a good rate capability. It can be observed that the CV profile of LTO/Ni foam composite demonstrate high integral area with high currents at different scan rates while comparing to pristine LTO indicating that the 3D scaffold Ni foam plays a significant role to improve the conductivity and provide high surface to redox reactions [37] . Fig. 5b displays the charge-discharge curves of LTO/Ni composite as asymmetric supercapacitor electrode at current density of 1, 10 and 100 mA g À1 in the potential range 0.0 to þ1.0 V. The nonlinear shape charge and discharge curves at various current densities indicate a pseudocapacitive behavior. The discharge curve of LTO/Ni composite is composed of three regions: a small drop of voltage due to the internal resistance, a linear deviation of the time dependent potential (double-layer capacitance behavior), and slight slope variation of the time dependence of the charge transfer reaction of LTO/Ni composite corroborating the CV profile [38] . The specific capacitance can be estimated by the relation (Eq. 3):
where C sp is the specific capacitance (in F g À1 ), I is the charge/discharge current, t is the time of discharge, V is the voltage difference between the upper and lower potential limits, and m is the mass of the active material [39] . Using Eq. (3), the specific capacitance of the LTO/Ni composite was found to be 593, 502 and 450 F g À1 at current densities of 1, 10 and 100 mA g
, respectively. The change in potential window of LTO/Ni composite is attributed to the lower particle size and Ni foam skeleton. The scaffold Ni foam plays a significant role to improve conductivity among the LTO particles and improve also kinetics of the reaction preserving the same potential window in the case of LTO/Ni composite [37] . These results can be compared with data from pristine LTO asymmetric supercapacitor with specific capacitances of 317, 198, 165, 141, 120 and 111 F g À1 are obtained at current densities of 1, 2, 5, 10, 50 and 100 mA g À1 , respectively [11] . Nickel foam has been selected by several workers as a cost-effective substrate investigating active materials (AM) prepared by a slurry with low amount of carbon black ( 15 wt.%) [40, 41, 42, 43] . Aziz et al. studied the pseudocapacitive properties of Na 2 Ti 2 O 4 (OH) 2 using a AM:AC:PVDF (85:5:10) electrode [40] . Ali et al. investigated an electrode made by mix up the 80:15:5 slurry deposited on Ni foam [41] . The electrode prepared by Li et al. had an 8:1:1 mass ratio [42] . Guan et al. reported the high specific capacitance of the hybrid structure of cobalt monoxide nanowire@nickel hydroxidenitrate nanoflake aligned on nickel foam as a result of a synergic effect of both active materials as well as the nickel foam [43] . A nickel foam tested independently shows a capacitance of only 2 F g À1 at a current density of 5 mA cm 2 that is only 2.89% of the total capacitance of the hybrid structure. Fig. 5c shows the Nyquist plots of the LTO/Ni foam composite and pristine LTO electrodes recorded in the frequency range from 1 Hz to 1 MHz, with an ac excitation signal of 5 mV. The LTO/ Ni composite displays a smaller resistance value, i.e. R s ¼ 4 Ω and R ct ¼ 2 Ω, against R s ¼ 4 Ω, and R ct ¼ 8 Ω for pristine LTO. Moreover, the LTO/Ni composite exhibits a nearly straight line that is closer to vertical line in the low-frequency region, indicating a good capacitive behavior of the electrode in the Li 2 SO 4 aqueous solution in agreement with the results of the electrochemical measurements. The cycling performance of the electrode is shown in Fig. 5d . The LTO/Ni composite electrode exhibited stable electrochemical behavior, with a capacitance of 563 F g À1 after 1,000 cycles at a current density of 1 mA g
, which amounts to a capacitance retention of 95%, whereas pristine LTO retained 92% capacitance after 1,000 cycles. Note that a sudden voltage drop and conspicuous voltage fluctuation were detected after 400 cycles, which was attributed to unstable property of intrinsic solid electrolyte interface (SEI) on Li-metal based electrodes faced the initial cycles [44, 45, 46] .
With respect to electrical double-layer capacitors, pseudo-capacitors have a higher specific capacitance and higher energy density, which justifies the interest in these materials. However, they also suffer from a reduced cycling life and smaller power density, because they process via an oxidation-reduction reaction just like batteries [47, 48] . Therefore, our results should be discussed with respect to other electrode materials for pseudo-capacitors only. In this context, materials used in electrodes fabrication are metal oxides. They have been reviewed for instance in Ref. [49] . The archetype is RuO 2 [50] , prepared by electrodeposition, yielding a specific capacitance of 498 F g À1 at a scan rate of 5 mV s graphene gel/Ni foam, but the cycling stability was remarkable, with less than 1.5% decay after 10 000 cycles [61] . The best capacitance was reported with MnO 2 /PPy thin film electrodes electrochemically synthesized over polished graphite substrates, with a capacitance of 620 F g À1 [62] . In this case, MnO 2 nanoparticles were embedded within the porous polypyrrole matrix. This result out performs the pseudo-capacitance reported for other MnO 2 /PPy composites (see [63, 64] and references therein) even if in all cases the capacitance is found larger than the separate contributions of MnO 2 and PPy, so that the synthesis process is important to optimize the MnO 2 -PPy interaction. Nevertheless, the pseudo-capacitive properties in Ref. [62] give evidence of the remarkable performance of this conductive polymer as a host for metal oxides, already known for its performance when it is associated to graphene nanosheets [65] . The capacitance we have obtained with LTO/Ni foam composite is larger than the capacitance reported for any MnO 2 -based pseudo-capacitor except MnO 2 /PPy. On one hand, this result suggests that LTO can be effectively used as a performing supercapacitor element. On another hand, it is also a motivation for further works and in particular the investigation of LTO/PPy composites.
Conclusions
The nanocrystalline LTO and LTO/Ni foam composites were prepared by employing solid state reaction method. The XRD spectrum of LTO/Ni composite exhibited the similar orientations with pristine LTO. The electrochemical properties of LTO/Ni composites are tested in 3-electrode aqueous cell with cut off voltage 0.0-1.0 V. The charge-discharge curves exhibited an initial discharge capacity of 153 mAh g À1 at a current density of 1 mA g À1 and retained discharge capacity of 95% even after 30 cycles. On the other hand, LTO/Ni composite also exhibited quasi rectangular shaped cyclic voltammetry curves at 1 mV s À1 scan rate, characteristic of pseudo-capacitive behavior. The composite delivered a specific capacitance of 593 F g À1 at a current density of 1 mA g À1 and retained 95 % capacity even after 1000 cycles. Whether it is considered as an anode for Li-ion batteries or as an element of supercapacitance, the 3D scaffold Ni foam plays significant role to improve the conductivity among the LTO nanoparticles. The LTO/Ni composite electrode can thus be considered as a promising electrode for energy storage devices.
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